Background: INF2 is a formin protein with the unique ability to accelerate both actin polymerization and depolymerization, the latter requiring filament severing. Mutations in INF2 lead to the kidney disease focal segmental glomerulosclerosis (FSGS) and the neurological disorder Charcot-Marie Tooth disease (CMTD).
Introduction
The actin cytoskeleton plays roles in many cellular processes, including migration, cytokinesis, phagocytosis, and organelle dynamics [1] . The diversity of actin-based processes arises from modulation of filament assembly and organization by specific actin-binding proteins, including formins. Formins use their dimeric formin homology 2 (FH2) domains to nucleate new filaments, and they remain at the fast-growing barbed ends of these filaments as they elongate [2, 3] . The FH1 domain accelerates elongation through its interaction with the actin monomer binding protein profilin [4] . The diversity of formins, including 15 mammalian proteins, provides the potential for extensive variation in assembly of actin-based structures [1, 5] .
Several formins also interact with actin through C-terminal sequences, which provide additional abilities to influence actin dynamics [6, 7] . The vertebrate formin INF2 is particularly noteworthy, in that its long C-terminal region (300 amino acids) allows acceleration of both actin polymerization and depolymerization [8] . INF2's C terminus contains a diaphanous autoregulatory domain (DAD) close to the FH2 domain that binds actin monomers, similar to WASp homology 2 (WH2) motifs [8] .
In cells, INF2 exists as two isoforms varying at their extreme C termini. The INF2-nonCAAX variant is cytosolic, it and plays a role in maintaining Golgi integrity [9] and in directed vesicular transport [10, 11] . The INF2-CAAX variant is tightly bound to endoplasmic reticulum (ER) and acts in mitochondrial fission by assembling highly transient actin filaments at the ER/mitochondrial interface [12, 13] . These functions are medically important, since INF2 mutations lead to the kidney disease focal segmental glomerulosclerosis (FSGS) and the neuropathy Charcot-Marie Tooth disease (CMTD) [14, 15] .
To understand INF2's physiological roles, it is critical to clarify its effects on actin biochemically. Prior work suggested that INF2-mediated filament depolymerization requires a severing step that is dependent on ATP hydrolysis and phosphate release from actin protomers in the filament [8] . The need for phosphate release is not unique to INF2. Cofilin, a well-characterized severing protein, binds and severs filaments mainly after phosphate release [16] [17] [18] . Under both cellular and experimental conditions, ATP hydrolysis (0.3 s 21 ) and phosphate release (0.002 s 21 ) lag significantly behind polymerization (10 mM 21 s 21 ), resulting in preferential cofilin binding to aged filament segments [19] [20] [21] [22] . Upon binding, cofilin changes filament twist, creating strain at the boundary between cofilin-decorated and undecorated regions [23] [24] [25] . Cofilin binding also accelerates phosphate release from adjacent actin subunits, rendering binding cooperative [20, 21, 23, 26, 27] .
We show that INF2's severing mechanism is distinct from that of cofilin. INF2 binds stoichiometrically to filament sides in a phosphate-independent manner. This binding step consists of opening the FH2 dimer and then encirclement of the filament. INF2 binds at discrete sites throughout the filament length and, in a step dependent on phosphate release, severs at sites of binding. We propose a model for INF2-mediated severing involving filament disruption both by FH2 binding and DAD insertion.
Results

INF2 Severs along the Length of the Filament
Previous data suggested that INF2 severs filaments, but did not show direct evidence for severing nor reveal the position of binding or severing events [8] . We used a two-color total internal reflection fluorescence (TIRF) microscopy assay containing fluorescently labeled actin and GFP-INF2-FFC (containing the FH1, FH2, and C-terminal regions; Figure 1 ) to visualize INF2 severing events in real time. Due to INF2's potent actin nucleation activity, we first polymerized actin alone for a fixed time before washing out the remaining monomers and adding GFP-INF2-FFC. This procedure allows the production of longer filaments, more amenable to severing analysis than the short filaments generated by INF2-mediated nucleation.
We anticipated three possible results regarding severing position ( Figure 1A ): (1) severing occurs vectorially from the barbed end, due to INF2's barbed-end binding; (2) severing occurs throughout the filament length, at some distance from either filament end; or (3) severing occurs predominantly toward the pointed end, due to the need for phosphate release [8] . Our results support model (2) , with severing occurring at many positions along the filament ( Figure 1C and Movie S1 available online). This tendency to sever throughout the filament is independent of the TIRF coverslip preparation technique and occurs with unlabeled INF2-FFC as well as with GFP-INF2-FFC ( Figure S1 ).
We compared severing by INF2 to that by cofilin, whose severing mechanism is better understood. Cofilin-mediated severing occurs predominately at boundaries between cofilinbound and unbound regions ( Figure 1E and Movie S3) [21] . Accordingly, the concentration dependence of cofilin severing is bimodal, with reduced severing at low and high cofilin concentrations [28] [29] [30] . Cofilin displays similar severing tendency in our system ( Figures 1G and S1 ). In contrast, INF2-mediated severing frequency increases continuously with INF2 concentration ( Figure 1G ) until all filaments are reduced to unresolvable lengths. Deletion mutagenesis of the C terminus shows that inclusion of DAD alone is sufficient for robust severing activity, with INF2-FFC and INF2-FFD constructs displaying similar severing rates ( Figures 1G and S1 ). Removal of the entire C terminus causes a dramatic decrease in severing activity for the resulting INF2-FF construct, with no measurable severing at lower concentrations and a severing rate at 50 nM approaching that of 1.25 nM FFC ( Figures 1G and S1 ). Additionally, INF2-FFC severing activity is significantly more potent than cofilin's at all concentrations tested ( Figure 1G ).
INF2 Binds throughout the Filament but Severs Preferentially Toward the Pointed End
The TIRF assays also show that GFP-INF2-FFC binds filament sides, similar to cofilin. Previously, we showed that the presence of phosphate inhibits INF2-mediated severing [8] Figure S1 and Movies S1, S2, S3, and S4.
protomers in the filament is necessary for severing. Phosphate inhibits cofilin-mediated severing by decreasing cofilin's sidebinding affinity significantly ( Figure 1F and Movie S4) [16] . In contrast, GFP-INF2-FFC still binds filaments in the presence of phosphate ( Figure 1D and Movie S2). To confirm and extend this result, we used actin filament cosedimentation assays. INF2-FFC binds filaments with comparable affinity in the presence and absence of phosphate ( Figure S1 and Table S1 ). In addition, INF2 binding saturates at a 1:1 ratio (INF2 monomer: actin monomer) in both cases ( Figure S1 and Table S1 ). INF2-FF binds with 5-fold lower affinity, but still reaches saturation (data not shown). We conclude that, in clear contrast to cofilin, INF2 binds filament sides in a manner independent of phosphate release, suggesting that phosphate release allows severing downstream of INF2 binding.
We used two-color TIRF microscopy to examine the pattern of GFP-INF2-FFC side binding. Initially, GFP-INF2-FFC binds at discrete sites without preference for a particular filament end in the presence or absence of phosphate ( Figures 1C,  1D , and S2). Most puncta are stably bound, with 77% and 97% of puncta remaining throughout the 3 min acquisition time ( Figure 2A ). In the presence of phosphate, progressive addition of puncta results in full filament saturation with GFP-INF2-FFC at a uniform intensity ( Figure 1D ). In the absence of phosphate, saturating GFP-INF2-FFC occurs in some segments, but is largely counteracted by severing ( Figure 1C ).
The distribution of GFP-INF2-FFC puncta throughout the filament supports our observation that INF2-mediated severing is not vectorial. Quantification of severing events with respect to original or newly created barbed ends further shows that severing occurs throughout the filament ( Figures 2B and S2 ). However, our results reported previously and in this publication, showing that severing depends upon phosphate release, suggest that severing should occur preferentially toward the pointed end. We analyzed severing positional kinetics in more detail to determine the distance of a severing event from the original filament barbed end as a function of time after INF2 addition to the assay. This analysis shows that both INF2 and cofilin display preferences for severing nearer the pointed end at early time points, with events closer to the barbed end increasing at later time points ( Figure 2C ). Tracking the progressive severing of individual filaments reveals a similar pattern, but also shows that INF2-mediated severing is less vectorial than cofilin, with some initial severing events occurring more toward the barbed end ( Figures 2D and S2 ). Severing often occurs more rapidly than would be predicted from ATP hydrolysis and phosphate release rate constants ( Figure S2 ), which might imply that INF2 binding could enhance phosphate release locally.
INF2 Binds Filament Sides as Single Dimers and Severs at Binding Sites
Having established that GFP-INF2-FFC binds filament sides as discrete puncta, we next examined the relationship between INF2 binding and filament severing in more detail by asking two questions: how many INF2 molecules are required for [8] , like other formins [31] . Barbed-end GFP intensity varies w2-fold over time ( Figure S3 ), possibly due to varying distance from the coverslip or GFP flickering. Using this calibration, the majority of diffraction-limited side-bound puncta appear to represent GFP-INF2-FFC dimers in the absence or presence of phosphate ( Figure 3A) . We next investigated the kinetic relationship between GFP-INF2-FFC binding and severing, quantifying initial severing events in greater detail than subsequent events because individual puncta were more clearly discernable at early time points. Severing typically occurs at sites where an INF2 punctum is present (18 out of 19 events), but there is a significant delay (6.5 6 4.5 s) between binding and severing ( Figure 3B ). Often, severing does not occur at the first binding site, and on average seven 6 three puncta bind to the filament prior to the first severing event. For subsequent severing events, GFP-INF2-FFC is always present at the severing site, either as a punctum or as a uniform coating on that region of the filament (n = 14 severing events, 11 filaments), with INF2 arriving on average 10.7 6 7.6 and 15 6 5 s prior to severing for second and third events, respectively ( Figure 3B ).
The number of GFP-INF2-FFC molecules present at the severing site is variable, but appears to be as low as two (or one INF2 dimer; Figure 3D ), although variability in the calibration standard ( Figure S3 ) introduces some uncertainty here. After severing, INF2 remains at the new barbed end (Figure 3C , right; Figure 3E ; and Movie S5). However, in several cases, INF2 is also present at the new pointed end immediately after severing (Figure 3C, left; Figures 3D and 3E ; and Movie S6), suggesting that a second INF2 dimer may have added during severing, although we were unable to observe this directly. When all severing events are analyzed, INF2 remains at the new barbed end 83% of the time, with 47% also having INF2 at the new pointed end ( Figure 3E ). In a minority of cases, INF2 is only at the new pointed end ( Figure 3E ).
INF2's FH2 Domain Encircles the Filament
Our results show that INF2 binds filament sides and dissociates with an extremely slow off rate. How does this binding occur? FH2 domains are dimeric and adopt a ''donut''-like conformation, with barbed-end-interacting residues on the inner face of the donut [31, 32] . We expected that INF2's FH2 domain might bind filament sides through two possible mechanisms: (1) by encircling the filament and binding through residues on the inner face of the donut, similar to those used at the barbed end, or (2) by binding the filament side through residues on the outer face of the donut ( Figure 4A ).
If model (1) is correct and INF2 encircles the filament, the INF2 FH2 dimer might be able to dissociate because it is unlikely that the dimer could ''slide'' along the filament over micron distances once bound to the barbed end. To test INF2 FH2 dimer dissociation, we conducted sedimentation velocity experiments using purified GFP-INF2-FF and unlabeled INF2-FF and detecting fluorescence at 490 nm to follow the GFP ( Figure 4B ). GFP-INF2-FF alone has a sedimentation coefficient of approximately 5.4 S ( Figure 4C , Table 1 ). In the presence of excess unlabeled INF2-FF, the sedimentation Figure S3 and Movies S5 and S6.
coefficient of GFP-INF2-FF shifts appreciably, to a value of 5 S ( Figure 4C ). This result suggests that the INF2 dimer can dissociate and then reassociate to form the heterogeneous dimer. In contrast, FMNL3 FH2 does not cause an appreciable shift in the sedimentation coefficient of GFP-INF2-FF, suggesting that these dimers cannot efficiently reassociate with each other. These results are similar to those obtained using GFP-INF2-FFC ( Table 1 ) and suggest that the INF2 FH2 domain dimer is capable of dissociating and then reassociating around the filament. To test directly the binding conformation of INF2 on actin filaments, we imaged complexes of INF2-FFC and actin filaments by negative staining electron microscopy in the presence of beryllium fluoride (a stably bound phosphate analog [33] ) and phalloidin. Helical 3D reconstruction of this complex results in a structure at 20 Å resolution. The final reconstruction reveals an inner core of higher density surrounded by an outer region of lower density ( Figure 5A ). The lower density of the outer region may result from the blurring effect of the variable twist of actin and/or partial occupancy of formin.
The inner core can be fit with a model of filamentous actin structure (PDB 3MFP) on a per protomer basis ( Figure 5B ). The helical twist per protomer of this reconstructed filament is 166. 65 , similar to that of actin alone. However, the helical rise per protomer identified by the program is 28.0 Å , which is 1.5% greater than the 27.6 Å rise of actin alone. Apart from the increased helical rise, the conformation of the protomers does not appear to be altered by INF2-FFC binding at this resolution.
The outer region of lower density is attributed to INF2. This density pattern describes a spiral around the core, at an orientation approximately perpendicular to the filament axis. Part of the density for actin subdomain 1 contributes to the continuity of the spiral. The outer density is at approximately the same position as in a recent crystal structure of an FH2 domain bound to two actin monomers (PDB 4EAH from [31] ). When the FH2 portion of this crystal structure is docked into this outer density, it occupies most of the density that does not correspond to actin ( Figure 5B ). This conformation encircles the filament. Other conformations in which the FH2 binds without encirclement fit poorly into the outer density. There is a region of unaccounted density close to the C terminus of the fitted FH2 crystal structure. This density may include a portion of the C terminus, which extends 300 residues beyond the FH2, or the FH1 domain.
In principle, this binding configuration would allow for many of the FH2-actin binding interactions observed in the previous crystal structure (PDB 4EAH), including the interaction between INF2's knob helix D and the cleft between actin subdomains 1 and 3. Figure 5C shows a model of the binding pattern based on these structural data. At this resolution, we cannot differentiate between INF2 dimers binding as stacked concentric circles or in a daisy-chain pattern, with oligomerization by lasso/post interactions between adjacent FH2s ( Figure 4A ).
Discussion
In this work, we elucidate basic features of INF2's actin severing mechanism and propose a working model for severing ( Figure 6 ). INF2 binds filament sides in a manner independent of phosphate release. Side binding occurs through filament encirclement by INF2's FH2 domain, requiring release of at least one FH2-FH2 interaction in the FH2 dimer, which might reassociate or associate with an adjacent FH2. FH2 binding causes a small change in filament rise, but a bigger change might occur upon phosphate release, when the bound FH2 alters filament structure to cause a ''weak point'' in the filament, making it susceptible to severing. The altered filament structure also enhances the ability of INF2's DAD to bind actin protomers adjacent to the bound FH2. DAD binding further weakens the filament, thus enhancing severing rate. One INF2-FFC dimer is sufficient to carry out this severing reaction.
In our model, as in cofilin-based severing models, the purpose of INF2 is to weaken actin protomer interactions. The thermal motion of the filament then causes breakage at this site [34] . INF2 weakens protomer interactions in two ways: by FH2-induced conformational change in filament structure and by DAD binding disrupting protomer-protomer interactions.
We will discuss each of the steps below.
Actin Filament Binding by INF2's FH2 Domain
Using electron microscopy, we find that INF2's FH2 domain encircles the actin filament, and through TIRF microscopy, we show that bound dimers have low off rates. Using analytical ultracentrifugation, we show that INF2's FH2 is capable of dissociation and reassociation. Our results do not give an indication of dissociation dynamics, but the fact that we observe both transient and stable GFP-INF2-FFC puncta on filament sides suggests that some binding events are nonproductive. The stability of most GFP-INF2-FFC puncta suggests an extensive interaction, such as encirclement. The resolution of the actin/INF2 electron microscopy (EM) structure presented here is insufficient to determine whether INF2-FFC forms an oligomeric daisy chain similar to Bni1p or binds as independent concentric dimers. Since as few as single GFP-INF2-FFC dimers are capable of severing, oligomerization does not appear to be essential for severing. Some FH2 domains have been shown to possess the ability to dissociate, including FMNL1, FMNL3, and mDia2, while the FH2 domains of other formins (mDia1 and Bni1p) appear to undergo little dissociation [35, 36] . However, even the apparently stable Bni1p FH2 domain has the ability to encircle actin, as evidenced by the crystal structure of Bni1p-FH2 in an oligomeric chain helically encircling two nonhelical strands of actin monomers [32, 35] . These results suggest that even FH2s that exist as stable dimers in solution might dissociate under some conditions. It is possible that actin filaments might accelerate FH2 dissociation rate to enhance encirclement.
Changes to Filament Structure upon INF2-FH2 Side Binding
We postulate that FH2 binding alters filament structure, resulting in two outcomes: (1) weakening of filament structure, leading to the low but measurable severing by the FF construct and (2) exposure of the DAD binding site on adjacent actin protomers, allowing even greater filament instability. Our EM results show that INF2-FFC induces a small change in filament structure, manifested in a 1.5% change in helical rise. A larger change in filament structure could occur upon phosphate release from the filament, since this causes major changes in filament properties for actin alone [37] . Our EM structure is of INF2-FFC bound to filaments containing the phosphate analog BeF, chosen because of the higher affinity of FFC for filaments versus FF, and the need to prevent severing. Future studies of filament-bound INF2-FF in the presence and absence of phosphate analog, as well as higher-resolution cryoEM reconstruction of the INF2/actin complex, will clarify whether phosphate release causes larger changes in INF2-bound filament structure. For cofilin, filament twist change results from alteration in subdomain 2 and other structural elements of individual actin protomers within cofilin-decorated filaments [23, 25] .
DAD Insertion Accelerates Severing
INF2-FFC is at least 40-fold more efficient at severing than INF2-FF, based on our kinetic assays by TIRF microscopy. This increased efficiency is due to the DAD sequence, which binds actin monomers similarly to a WH2 motif. Monomer binding by DAD occurs predominately at the groove between subdomains 1 and 3 at the barbed end of actin, a region that is partially occluded in the filament [8, 38, 39] . In our severing model, the conformational change induced by FH2 binding Figure 4B . serves to increase exposure of the DAD binding site on adjacent actin protomers. DAD binding further disrupts interprotomer contacts and compromises filament stability at this site, leading to severing. Our two-color TIRF studies, showing a higher instance of GFP-INF2-FFC on the new barbed end, suggest that the DAD preferentially binds protomers to the barbed end of the FH2. These experiments also show a variable time between INF2 binding and severing. This lag could suggest that the actual severing event is due to thermal motion of the filament and thus is probabilistic in nature.
A Low Number of INF2 Dimers Can Induce Severing
We frequently observe as few as two GFP molecules in the immediate vicinity of a severing event within 0.5 s of the event, suggesting that a low number of INF2-FFC dimers are sufficient for severing. Due to the noise in our fluorescence calibration (w2-fold), we cannot claim that single FFC dimers are capable of severing. Another source of possible uncertainty in our barbed-end calibration standard is that we have no direct evidence that INF2 binds barbed ends as a dimer, but a large amount of evidence for other formins suggests that this is the case. The dependence of severing on INF2-FFC concentration does not reveal any strong negative cooperativity, with rapid severing occurring at the highest INF2 concentrations that we are able to test (up to 1 mM). In this feature, INF2 is different from cofilin, for which saturated binding inhibits severing by creating uniform twist [23, 24] . For INF2, small local filament deformations might promote filament instability and severing.
INF2 also presents both similarities and differences to another well-characterized severing protein, gelsolin. Similar to INF2, gelsolin is a barbed-end binding protein that can bind filament sides [40] . Also similar to INF2, gelsolin wraps around the filament, making contacts through several motifs including a WH2-like domain. It is unclear whether one gelsolin molecule is capable of severing. However, gelsolin's severing mechanism might involve long-range changes in filament twist and/or other changes in filament structure [41] [42] [43] .
INF2 Severing in the Cellular Context
A functional consequence of severing is to produce new filament ends for at least two purposes: (1) priming new filament growth through elongation-or Arp2/3-complex-mediated branched nucleation or (2) creating new filament ends for depolymerization. Both cofilin and gelsolin have been proposed to serve both functions depending on the cellular context [40, 44, 45] .
Which function does INF2-mediated severing serve? For the INF2-CAAX variant, severing could be a mechanism for rapidly amplifying filaments number after initial nucleation at the ER/ mitochondrial interface [13] . Since constitutively active INF2 causes excessive actin polymerization at mitochondrial fission sites [13] , INF2 certainly is a contributor to the assembly of these filaments. Alternately, severing might participate in rapid depolymerization of these filaments at the completion of mitochondrial fission, since these filaments appear to be highly transient. In any case, our results set fundamental parameters for understanding INF2 function in cells by showing that single INF2 dimers are capable of severing and that INF2 binds actin filaments by encirclement.
Experimental Procedures
Detailed plasmid construction, protein purification, buffer composition, and analysis methods can be found in the Supplemental Experimental Procedures. In brief, formins were expressed in Rosetta2 E. coli (Stratagene) as GST fusion proteins, following procedures used previously [8] .
TIRF Microscopy
Rabbit skeletal muscle actin (1 mM, 20% TAMRA labeled) diluted in TIRF buffer (13 KMEI, 100 mM DTT, 0.2 mM ATP, 15 mM glucose, 0.5% methyl cellulose, 0.01mg/ml catalase [Sigma C3515], 0.05mg/ml glucose oxidase [Sigma G6125], and 0.1% BSA) was polymerized for 7 min in flow chambers, at which point indicated concentrations of formin or cofilin were added. The filaments were visualized on a Nikon Eclipse Ti-E inverted microscope, and simultaneous dual-color images were acquired every 100 ms with TIRF objective (603 1.49 NA) and two iXON Ultra 897 cameras. Detailed methods can be found in the Supplemental Experimental Procedures.
Velocity Analytical Ultra
Analytical ultracentrifugation was conducted using a Beckman Proteomelab XL-A and an AN-60 rotor. For sedimentation velocity analytical ultracentrifugation, GFP-INF2-FF or GFP-INF2-FFC (2 mM) was mixed with unlabeled INF2-FF or either FMNL3-F or mDIA-F as negative controls (20 mM unlabeled protein) in K100MEIDT and centrifuged at 50,000 rpm with monitoring at 490 nm. Data were analyzed by Sedfit. Sedimentation coefficient reported is that of the major peak (at least 80% of the total analyzed mass) of GFP sedimentation. 
Negative Staining Electron Microscopy
